Abstract
morphogenic extensions and the distinct, but coordinated, roles of cytoskeleton in early 23 morphogenesis.
24

Introduction
25
Cells undergo dramatic changes in shape and structure as part of tissue and organ 26 development, but the molecular mechanisms underlying these morphogenic events 27 remain poorly understood. One common signaling pathway involved in many types of 28 cellular morphogenesis is that initiated by hepatocyte growth factor (HGF). HGF is a 29 multifunctional cytokine growth factor implicated in a wide variety of cellular processes,
30
including morphogenesis, motility, proliferation, and resistance to apoptosis (Bando et 
105
To test whether septin-associated microtubule bundles are necessary for the formation 106 and/or growth of cytoplasmic extensions, we developed a biomimetic 3D model to 107 investigate the early steps of branching morphogenesis in a more physiologically relevant 108 system. We adapted the earlier model by incorporating a step to jumpstart the formation 109 of a basement membrane around the spheroids before embedding them in a collagen gel, Ligon, 2015a). MDCK spheroids grown in this system respond to HGF in a stereotypical 113 fashion similar to those in previous studies (Pollack et al., 1998 chains, which will then eventually develop into tubes ( Figure 1A , B). Here we focused on extensions as we will not see the extensions growing up or down in the Z-dimension).
170
After 12-15 hours of HGF exposure, extension formation is more robust, resulting in both shrinkage. In all three phases, extensions were highly dynamic. In phase 1, ~70% of 
194
Extension formation and dynamics depend on both actin and microtubules
195
Previous studies have suggested that both actin filaments and microtubules are necessary we saw a dramatic reduction in the number of extensions at 24 hours, suggesting that 241 septins play an important role in extension initiation ( Figure 4B ).
242
To further investigate the interaction between microtubules and septins in extensions, we 243 examined the connection between septins and microtubule bundles. We found that in microtubules were typically found in straight bundles.
252
We then used siRNA-mediated knockdown of septin 2 in spheroids to further confirm the al., 2013), and we propose a similar mechanism may pay a role in tubulogenesis as well.
373
We found that the inhibition of septins abolished the formation of extensions, suggesting 
413
Further experimentation will be necessary to differentiate between these possibilities.
414
Our observations, combined with previous findings, lead to a more comprehensive model were maintained at 37 °C, 5 % CO 2 for up to 3 days. For some experiments, 35mm glass-471 bottom dishes (MatTek) were used instead of 8-chamber slides to facilitate live imaging.
472
In this case, the volumes of the first and the second collagen-I layers were adjusted to 300 473 µL, and the total media volume was 2mL. For some preliminary experiments, cell 474 aggregates were seeded in collagen I gels immediately after the overnight Matrigel® 475 incubation step. Separate 100 µL drops of the spheroid/collagen-I mixture were placed in 476 a 100mm dish and allowed to solidify for 45 minutes before 10mL of culture media was 477 added to the dish. The cells were maintained at 37 °C, 5 % CO 2, for 6 -9 days, and 478 polarized spheroids developed in 6-7 days.
479
Microscopy and imaging
480
Unless otherwise noted, imaging was done on an inverted microscope (DMI 4000B (Nasco) on top to further flatten the gel.
492
Live imaging was done on a VivaView Fl incubator microscope with DIC optics 493 (Olympus) using MetaMorph Software (Molecular Devices). Samples were kept at 37 °C,
494
5% CO 2 and images were acquired every 10 minutes for the duration of the experiment.
495
Low-magnification bright field images of spheroids were also acquired using a tissue 33910. Antibody incubation was followed by three PBS-NaN 3 washes, 60 minutes each .
508
Samples were then incubated overnight with secondary antibodies (@ 1:300, Alexa
509
Fluor, Jackson labs), and/or rhodamine phalloidin for f-actin (product P1951, Sigma-
510
Aldrich) and counterstained with DAPI (4',6-diamidino-2-phenylindole), followed by 511 three 60 min washes with PBS-NaN 3 . Fixed hydrogels with spheroids were stored in 512 1.5mL conical tubes in PBS-NaN 3 .
513
Cells grown on glass coverslips (2D) were fixed with 4% paraformaldehyde in PBS for Coralville, IA). One-eighth of the standard spheroid preparation (250,000 cells grown 547 over 5 days) was briefly spun down, resuspended in fresh media and spun down again.
548
The cells were then mixed with 100uL of SE Cell Line 4D-Nucleofector® X Kit (Lonza,
549
Basel, Switzerland) and transfected with 65nM siRNA diluted in MilliQ sterile-filtered 550 water using the 4D-Nucleofector (Lonza, Basel, Switzerland) using the CA-152 protocol.
551
The spheroids were transferred to a 35-mm dish of fresh warm media and left for four 552 hours to recover post-transfection. The spheroids were then collected, briefly spun down 553 and seeded to collagen gels as described previously. 
